Summary Apoptosis is observed in the crypts of the small intestine of healthy animals and man (spontaneous apoptosis). The levels can be dramatically elevated 3-6 h following ionizing radiation exposure. Both the spontaneous and radiation-induced apoptosis in the small intestine crypts are most frequently observed at the positions in the crypt associated with stem cells (about four cell positions from the base of the crypt). The number of apoptotic deaths can be counted in routine histological preparations, but interpretation of the counts is complicated by numerous factors. However, recording the number of cells containing one or more apoptotic fragments in crypt sections provides a good estimate for the absolute number of cell deaths in crypts. Similarities are noted in the frequency and cell positional relationship of radiationinduced apoptosis in the small intestine of various strains of mice and one strain of rat. Apoptosis in the large intestine is generalty lower in frequency than in the small intestine and, for the mid-colonic and rectal regions, has a different cell positional frequency distribution, with the highest apoptotic yield at the crypt base. The caecal colon has a pattem of apoptotic distribution more similar to that in the small intestine. After exposure to 1 Gy ionizing radiation, the maximum apoptotic yield occurs over a period of 3-6 h in the small intestine. There is some unexplained variability in the values between groups of mice and between different mouse strains. After 8 Gy, the yield remains elevated for several days, however a similar maximum yield is still observed at the eariy times. In mouse large intestine and rat small intestine, the yield continues to rise until about 6 Gy in mouse large intestine and until at least 10 Gy in rat small intestine. Spontaneous apoptosis is interpreted as part of the homeostatic mechanism regulating stem cell numbers. About 1.6 cells per crypt are dying at any one time. Following irradiation, there is an apparent relationship between mitotic and apoptotic levels, suggesting that these processes are linked. The dose-response relationship suggests that there are about six apoptosis-susceptible cells in crypts of the small intestine, with about 2-4 of these occurring at cell positions in which there are other more resistant clonogenic cells. In the large intestine, the position of these apoptosis-susceptible cells varies with region, but the numbers are similar.
radiation and certain cvtotoxic drugs and chemical mutagens induce apoptosis specifically in the stem cell positions of the small bowel. with the maximum yields of apoptosis being obsenred within a period of 3-6 h after exposure.
FollowInc, radiation. levels of %%ild-tvpe p53 expression are elevated. with a time course in the small intestine similar to that for apoptosis. i.e. peak levels are obserned 3-6 h after irradiation (Merritt et al. 1994) . The number of cells strongly reactive to an antibody to wild-type p53 (CM5) and the position of these positive-staininc nuclei in the crypt xery closely resemble the vield and distribution of apoptosis (Merrtt et al. 1994 ). However. apoptotic cells are rarely positive for p53 protein. at least for the time points studied and immunohistochemical approaches used. The p53-positive cells. which occur at a similar location in the crypt to the apoptotic cells. must represent other stem cells that survive the cy-totoxic exposure. possibly those subject to a cell cycle checkpoint regulated by p53 and p21z-c'-' . The resultant cell cycle arrest would allow time for repair of DNA damage. resulting in a greater resistance to radiation damage. They are. therefore. likely to be a part of the more resistant clonogenic stem cell compartment : Roberts et al. 1995 ).
Such studies have resulted in the formulation of an hypothesis that spontaneous apoptosis is an important process involved in the homeostatic regulation of stem cell numbers in the undamaged small intestinal crypt and that. following DNA damage. apoptosis is an important protective mechanism removing the cells bearing the damage and. hence, the damage itself (Potten. 1992 : Potten et al. 1992 ). In the large intestine, both the spontaneous apoptosis and radiation-induced apoptosis are suppressed, probably because of the action of bcl-2. which is. however, only one of a large family of interacting 'survival' and 'death' genes. As a consequence of bel-2. the homeostatic mechanisms governing stem cell numbers may be more relaxed in the colon and stem cell numbers may tend to increase with the passage of time. This would result in more carcinogen target cells at risk and occasional hyperplastic crypts. The DNA damage-induced apoptosis is also suppressed in the colon. Thus, the protective apoptosis that operated in the small intestine to remove damaged cells is less efficiently operated thereby increasing the risk that DNA damage may be perpetuated in the large intestinal stem cells. This hypothesis provides a new explanation for the well-known differential human cancer incidence figures for the small and large intestine. The hypothesis was further supported by observations in bcl-2 knockout mice, in which the levels of both spontaneous and radiation-induced apoptosis in the large intestine were greatly elevated in the stem cell location. In contrast, the removal of the bcl-2 gene had no effect on the levels of spontaneous or radiation-induced apoptosis in the small bowel, in which bcl-2 expression was absent (Merritt et al. 1995) .
These studies, and the hypothesis derived from the observations, are dependent on labour intensive quantitative analysis of histological sections of the intestine. As a consequence, the extent to which these observations apply to other strains of mice and other species and different regions of the small and large bowel remain unknown, although observations on the limited material that can be obtained from human subjects do support the hypothesis (Merritt et al. 1995; Watson et al, 1996) . Here, we present more extensive data on different strains of mice and one strain of rat. We have also analysed the pattern of radiation-induced apoptosis in different regions of the BDF1 murine large intestine. This was performed specifically to address the possibility that the apoptosis reaction may be related to. or some expression of. the stem cell population; and that the spatial distribution of apoptosis and also stem cells may differ in the different regions of the large bowel, as has been suggested by some DNA labelling experiments (Kovacs and Potten. 1973: Sato and Ahnen. 1992 ). In one experiment. animals received a range of doses up to 10 Gy. with groups of animals being killed 4.5 h after radiation (-rays for mice. X-rays for rats).
MATERIALS AND METHODS

Animals
Fixation
Groups of animals were killed by anaesthetic overdose or cervical dislocation usually 4.5 h after radiation (which for BDF1 mice represents the time of maximum yield of apoptotic fragments in the small intestinal crypt) (Potten. 1977 : Potten et al. 1978 : Hendry and Potten, 1982 . However, in one experiment, groups of animals were killed at varying times after exposure to radiation. Tlhe small intestine and large intestine were rapidly removed from the abdomen and the intestinal contents were gently eased out of the intestinal tube prior to fixation in Carnoy's fixative for 20-30 min. During this time. the intestines remained intact and were fizxed flat on filter paper in a Petri dish. After the initial fixation. the tissue was transferred to 70% ethanol for storage before processing for histology. The intestine was cut into approximately ten 1-cm lengths which were bundled together in micropore tape. embedded and sectioned at 3-5 jm as described previously (Potten and Hendry, 1985) .
The large bowel was divided into three approximately equal lengths. referred to for convenience as caecum. mid-colon and rectum. In each region, segments were bundled as described above. The segment of small intestine analysed was predominantly terminal ileum. Up to ten intestinal cross-sections were obtained from each bundle (each animal), among which it was not possible to ascribe a specific position along the region of gut.
In a few groups, other segments of ileum were fixed in Clarke's fixative, hydrolysed in 5 N hydrochloric acid and stained with Schiff's reagent. From these samples. intact crypts were dissociated and mounted on microscope slides. This represents a slight modification of the crypt squash technique (Winber et al. 1960 [1] [2] [3] [4] [5] [6] (see Figure 1) . About 59%o of all fragments 4.5 h after 1 Gy are found over cell posibons 1-6. (Merritt et al. 1996) .
Data presentation
The data are presented in tabular form or as cell position frequency plots. These hax e been smoothed using a running average of three positions to ease analysis and comparisons.
RESULTS
The countinr efficiencx of sectioned material can be assessed bv comparing section data w-ith data from w-hole crypts which represent the absolute counts (see Table 1 ). Figure 1 ). The maximum number of fragments per apoptosis can be up to 12 following radiation.
As can be seen from the data obtained for whole cry pts (Table   1 ). about 0.2% of the crypt cells are dying in normal healthy unirradiated BDF1 mice. This percentage is raised eight-to 12.5-fold (about ten fold) at early times following irradiation A-ith either 1 Gy or 8 Gy: 8 Gy does not result in significantly more apoptotic cells at these early times than 1 Gy.
At 3 h following 1 Gy. 6.2 apoptotic cell deaths can be expected in each crypt (Figure 1 ) (or 5.5 at 3 h in Table 1 ). However. the range is again broad from zero or one apoptotic event per crypt through to 12. Thus. it is X ery important to count sufficient crypts.
Both the spontaneous and radiation-induced apoptosis is seen most frequently at around the third to sixth positions in the crypt (see Figure 1 ). where the Al may be 1.31% in controls for cell position 3 British Joumal of Cancer (1998) 78(8) . [993] [994] [995] [996] [997] [998] [999] [1000] [1001] [1002] [1003] BDF1 (27) (1998) 78(8), [993] [994] [995] [996] [997] [998] [999] [1000] [1001] [1002] [1003] Apoptosis and stem cells 997 A similar range of apoptotic index values have been observed for a variety of mouse strains exposed to 1 Gy analysed at the same time ( Figure 4 for the crypt as a whole and for the cells in the lower half and the upper half of the crypt separately. These data suggest a relationship betw een mitotic actixity and apoptotic activitv. This is exident in the mid-crypt region (cp 11-16). where a burst of mitotic activitx is seen to occur at around 60-75 h and this is accompanied by a small burst in apoptotic activity. Figure 5 show s representative examples of cell positional plots at various times after 8 Gy. At 4.5 h apoptosis is near maximum. while mitosis is abolished (due to the G. block).
British Jourmal of Cancer (1998) 78(8) (Potten. 1977: Hendry and Potten. 1982) . it is difficult to distinguish betxween a true plateau and a decreased slope in the dose-response at doses beyond 1 Gy. As can be seen from the data shoxwn in Fiaure 6. in the rat small intestine this plateauing, effect is not apparent. In the mouse. the yield of apoptotic cells observed in the mid-colon and rectum is lower at a gix en dose than in the small intestine when doses belox about 2-4 Gy are considered. Hoxex er. the incidence of cell death continues to rise in all three regions of the mouse large intestine up to doses Figure 5 The changing pattem in the ratio of apoptosis to mitosis (Al/MI) at various times after 1 Gy (closed circles) and after 8 Gy (closed squares) for BDF1 small intestine (A Figure 6 .
DISCUSSION
Apoptotic scoring
The data presented here demonstrate that the detection efficiency of cell death via apoptosis using section material is high. and this has been X alidated by comparing the absolute number of apoptotic cells in whole crypts. optically sectioned at all levels. with counts of cells containing one or more apoptotic fragments in sections. The detection efficiencv reported here is similar to those quoted in earlier papers using less detailed analyses (Potten. 1977: Ijiri and British Jourmal of Cancer (1998) 78 (8) Potten et al, 1988) . The data shown in Table 1 also indicate that there is a fairly complex mixture of factors that influence the counting efficiency. These include the degree of fragnentation of an apoptotic cell, the size and number of the fragments and hence their likelihood of being 'caught' in a good longitudinal section, the centripetal position of apoptotic fragments in the crypt cylinder and the general detection frequency for cells in longitudinal crypt sections relative to the whole crypt (this is also affected by geometric consideration relating to cellular packing densities). The general conclusion is that sections are reasonably efficient at detecting most apoptotic cell deaths per crypt, even though they are less efficient at detecting all apoptotic fragments. However, caution should be exerted in interpreting apoptotic indices, even in this well-studied system.
As cells migrate from the crypt and up the villus, they appear to initiate at least part of the apoptosis sequence and express some cell death-associated gene products (Bax, Bcl-xL,, in the small intestine and these plus Bak in the colon) . This cell senescence-associated spontaneous apoptosis at the end of a cell's lifespan has not been considered here. Rather, we have concentated on proliferation and stem cell-related apoptosis in the crypt
Stem cells and spontaneous apoptosis
Various considerations, observations and mathematical modelling studies suggest that the stem cells of the small intestinal crypt are distributed in the cell positions immediately above the Paneth cells (see Paulus et al 1992; Qiu et al. 1994; Potten et al. 1997) , which on average would be the fourth cell position. The present data confirm earlier observations (Potten, 1977 (Potten, , 1995 that the greatest number of spontaneous apoptotic events are observed in this region (at 3-5 cell positions from the bottom of the crypt). From section studies and overall cell positions. about 0.2% of cells are dying at any one time in unirradiated animals, but at cell positions 3-4 this can be 1.3% (Figure 1) . Higher values have been reported by us earlier, of about 5% or even up to 10% at cell position 4. Overall, the conclusion that can be drawn is that between 1% and 10% of the cells at about position 4 (the stem cells) are dying at any particular time in a healthy mouse. The absolute counts on whole crypts suggest that about 1.6 cells per crypt are dying at any one time (about 0.6% of cells). Mathematical modelling has suggested that a small percentage (<5%) of the stem cell divisions may be symmetric , resulting in supemumery stem cells, which may then be removed by differentiation and/or this spontaneous apoptosis. Spontaneous apoptosis at the crypt base is also seen in human small intestine . Radiation-induced apoptosis is also concentrated at the stem cell position in mouse small intestinal crypts, and this has been interpreted as a protective mechanism with the altruistic suicide of cells with DNA damage (Potten, 1992) .
Sampling variation
There is some variation from one group of animals analysed to another even within one strain, for example BDF1 mice. The reasons for this are unclear, but include the natural variation from animal to animal; possible fluctuations in apoptosis-related gene expression, or, in apoptosis-susceptible (stem) cells, possible subtle differences from location to location analysed in the ileum; circadian variations; possible seasonal variations; and uncontrollable changes in factors, such as the level and type of bacteria in these conventionally housed animals. Variations in bacterial flora may also account for different levels of immunological reaction and a variable level of immune cell-derived cytokines. Various reports have indicated that there is a circadian dependence for the apoptosis induced by radiation (Potten, 1977; Duncan et al, 1983: Ijiri . There is a circadian rhythm in proliferation associated with the stem cell compartment of the crypt . and published data suggest that the peak in apoptosis may follow this by a few hours (Potten, 1977; Duncan et al, 1983; Potten, 1988, 1990) , which would be consistent with the idea that the ease in inducing apoptosis was greatest in early G,. All the examples reported in Table 2 involved sampling in the middle of the morning but cover studies performed over at least 1 year. The variations seen between samples for one strain of mice (BDF1) suggest that the variation between strains may be attributable to similar factors and that all mouse strains have a similar level of apoptotic response following a single dose of 1 Gy. Potten and Hendry,. 1995) . The duration of mitosis and/or apoptosis could also be changing throughout the time course of such experiments.
The data shown for the changing patterns in apoptotic index and mitotic index at different times after 1 Gy and 8 Gy, are consistent with the idea that there is a close interrelationship between these two processes when account is taken of the initial mitotic inhibition induced by a dose of radiation, such as 8 Gy (the G, block), and the burst of regenerative proliferation associated with the damage induced by 8 Gy, which occurs at significant levels at 24 h (see Figure 5 ). During most of the time at which mitotic activity is at a stimulated level, apoptotic indices are also significandly above control values. The interrelationship between apoptosis and mitosis is most dramatically illustrated in the mid-crypt region between 60 and 75 h after radiation, when there is a coincident peak in mitotic and apoptotic activity. This occurs at a time of overshoot in crypt cellularity and cell proliferation (Figure 4) . Thus, even though the crypt has anained normal cellularity, proliferative stimuli continue to trigger cell division and the homeostatic processes that regulate crypt size would be expected to be activated, resulting in elevated levels of apoptosis to remove the unnecessary additional crypt cells. As, at most of the times that were studied in this experiment. the crypt cells would have been through several rounds of cell division, the apoptosis seen at the later times is unlikely to be attributable to the consequences of DNA damage or unrepaired DNA damage. It is more likely that this apoptosis is indicative of the cell number homeostatic mechanisms operating to remove essentially healthy cells. This is further suggested by the observations that late apoptosis occurs in p53 knockout animals, while the earlier apoptosis is absent, suggesting that the late apoptosis does not involve the DNA damage recognition and damage response processes involved in the early (3-6 h) cell death, which are completely p53 dependent (Merritt et al, 1997; Pritchard et al. 1997) . The low level of mitotic activity seen 12 h after 1 Gy may be partially explained by circadian rhythms in mitosis (Qiu et al. 1994 ).
Dos dependenc of apoptosis
For the small intestine of the mouse, the yield of apoptotic cells 4.5 h after radiation increases sharply with increasing radiation dose. up to an apoptotic index of about 7-8% following a dose of between 0.5 and 1 Gy, confirming earlier observations (Potten, 1977; Hendry and Potten 1982) . Similar plateauing effects with increasing dose have been reported elsewhere, albeit at slightly higher satration doses (Weil et al, 1996) . This is equivalent to about three or four apoptotic cells per crypt section (i.e. both crypt columns). This would represent up to five or six apoptosis-susceptible cells in the entire crypt, assuming the lower geometric correction factor or counting efficiency factor reported in earlier papers (Potten. 1977: Potten et aL 1988) or 3.5-4.5 cells per crypt using the factor from Table 1 . Of these total apoptotic events, between two and three would be expected to occur within cell positions 3-7 in a whole crypt section (equivalent to about 2-4 susceptible stem cells).
The data as a whole suggest that. for the small intestine. there are a small number of apoptosis-susceptible cells per crypt (up to a maximum of six in total per crypt or four in the stem cell region per crypt) and that these are killed by a dose of 0.5-1.0 Gy. As crypts are not reproductively sterilized and destroyed by these doses. other stem cells must be more resistant (less prone to die by apoptosis).
These are capable of regenerating the crypt and the apoptosissusceptible population of stem cells per crypt given an appropriate time (Ijiri and Potten, 1984; Potten, 1995) . These more resistant. apoptosis-insensitive cells probably represent the clonogenic compartment assayed using the crypt microcolony technique (Withers and Elkind, 1970 : Potten and Hendry, 1985 . 1995 : Cai et al, 1997 and the p53-protein expressing cells seen at early times after irradiation (Merritt et al, 1994) . Estimates of clonogenic cell numbers vary with radiation dose. i.e. with the levels of damage induced , and these observations have been interpreted to suggest that the crypt may contain two tiers of clonogenic cells, as well as the ultimate steady-state stem cells. which are easily killed and die by apoptosis following small doses Potten et al, 1997) .
Somewhat surprisingly, the plateauing effect with increasing dose was not observed with rat small intestine and mouse large intestine. In the rat small intestine, the yield of apoptosis increases progressively at all doses studied up to 10 Gy. In the murine large intestine the yield of apoptosis in all three regions studied increased progressively up to about 6 Gy, with the highest levels of apoptosis in the caecum, where the evidence of a plateau was weakest, and the lowest levels in the rectum. For doses lower than 1 Gy, fewer apoptoses were observed in all regions of the large bowel compared with the small intestine. The reasons for these differences between different regions of the bowel in the mouse and between mouse and rat small intestine remain obscure, but they are probably related to differences in the numbers and spatial distribution of susceptible (stem) cells within the crypt, or a more continuous spectrum of stem cell radiosensitivities (rather than discrete tiers) and/or differing activities of interacting apoptosisrelated genes (bcl-2, bax, etc.) in these various regions.
Cell position relabtionships
There are interesting spatial differences in the yield of apoptosis in the three regions of the large bowel of the mouse. For all three regions, the absolute yield of apoptosis following a dose of 1 Gy is lower than that seen in the small intestine. Somewhat contrary to earlier observations (Merritt et al, 1994) , the distribution of apoptosis observed in the present study for the mid-colon, following radiation, shows a distinct cell positional characteristic as opposed to a broader distribution (Figure 2 ). The present data showed the highest levels of apoptosis near the bottom of the crypt. The caecal region of the large bowel has a spatial distribution similar to that seen in the small intestine, while the rectal region showed the highest levels of apoptosis at the base of the crypt with a more rapid fall off with increasing cell position than was observed in either the caecal or mid-colon region. If the apoptosis in the large bowel is similarly associated with the stem cell population, these observations suggest regional differences in the distribution of stem cells in the large bowel, as has been suggested by previous labelling studies (Kovacs and Potten, 1973: Sato and Ahnen, 1992) , with stem cells at the very base of the crypt in the mid and rectal regions. but at higher positions in the caecum (perhaps distributed over cell positions 5-10). Current detailed cell proliferation and migration studies are under way to clarify further the location of the stem cell population in these three regions of the large bowel. Some of our earlier mid-colonic apoptotic observations may have been made on samples taken closer to the caecal region than those reported here. Sampling in the large bowel clearly needs to be carefully controlled.
Our earlier studies showed a clear inverse relationship between the levels of expression of the survival gene bcl-2 and the ease of inducing apoptosis with a dose or radiation (Merritt et al, 1995) .
There was little or no influence of bcl-2 on the ease of inducing apoptosis in the small intestine, where the Bcl-2 protein could not be detected, but the converse situation was observed in the large bowel where Bcl-2 was expressed. However, in both our earlier studies and recent investigations, the detection and demonstration of Bcl-2 protein using monoclonal antibodies on murine sections proved difficult and somewhat variable. The earlier observations were strongly supported by data obtained on apoptotic yield in bcl-2 knockout mice (Merritt et al, 1995) . In human colonic epithelium, the Bcl-2 expression pattern is stronger and much more reproducible. As the levels of Bcl-2 expression in mice may vary. the levels of apoptosis may similarly differ from time to time for unknown reasons. The data in Table 2 demonstrate that the average apoptotic index in mice can vary by up to a factor of 2.5. Similar levels of variability can be expected in knockout mice including the bel-2 nulls. This is currently seen in our bcl-2 null mice, which have considerably increased vigour. Our earlier data (Merritt et al. 1995) showed an increase in the peak levels of apoptosis (on cell positional plots) of up to tenfold for spontaneous apoptosis in the mid-colon, when the bel-2 nulls were compared with wild-type or conventional mice (BDFI). and an increase of about threefold in the peak level of apoptosis in the colon in nulls when analysed 3-6 h after 1 Gy. We are currently finding a similar degree of enhancement even though the absolute levels are almost a factor of 2 lower.
The implications for these observations on models of stem cell behaviour and function in the crypt, theories on the genetic and biochemical regulation of apoptosis, and hypothses on the role of apoptosis in the carcinogenesis sequence are currently under further study.
